Abstract-A 5-DOF 5-UPS/PRPU parallel machine tool (PMT) is introduced. Redundant actuation is adopted in order to improve the positional accuracy and dynamic performance. A method for the measurement of positioning accuracy of PMT under dynamic condition is described in detail. It is based on Agilent 5529A dual-frequency laser interferometer which is capable of performing dynamic calibration. Based on the working principle of laser interferometer, the positional data of the moving platform are collected and the positional error data in accordance with ISO 230-2 standard of each virtual axis are obtained in high resolution. Meanwhile, the positioning accuracy of each axis is also descried with visual graphics. In order to investigate the influence of redundant actuation on the positioning accuracy of the machine, the linear positional error of X-Axis are both tested under the redundant actuation case as well as its corresponding non-redundant counterpart. These positional error data can be used for the positional error compensation model of machine tool.
I. INTRODUCTION
ARALLEL machine tool have drawn continuous interest in both academia and industry in the last few decades. The reason is their advantages compared to serial ones: higher payload-to-weight ratio, higher structural rigidity, location of motors at or close to the base and simpler of the inverse displacement problem. However, like every other type of mechanism, these parallel manipulators have some drawbacks: limited workspace, complexity of singularity and low accuracy, which have prevented parallel machines from industrial application. Fortunately, redundant actuation provides an effective way to overcome some of the aforementioned disadvantages of parallel machines [1] [2] [3] . The accuracy and repeatability of positioning of machine tool are the important factors that affect the machining precision, which reflects the working performance of the machine. Thus, measurement of the positioning accuracy of machine tools is an essential step for the performance assessment and error compensation [4] purposes. In the past, static calibration technique is usually employed to evaluate the positioning accuracy of machine tools. With this method, the actual position should be measured and recorded manually each time the moving component stops at a target position along the axis under test. Thus, it is very time-consuming and make the whole testing process costly for the industry due to a large machine downtime. Nowadays, with the development of dual-frequency laser interferometer, the measurement can be carried out quickly and can get positional errors automatically under dynamic condition. H.F.F.Castro developed a laser calibration system and it was used to calibrate a LK coordinate measuring systems [5] .Zhang Lixin et al. studied interferometry measurement of positional accuracy and straightness for parallel axis on hybrid NC machine tools [6] [7] [8] . Liping Wang et al. measured the positioning error of the hybrid machine tool using a Renishaw ML 10 laser interferometer [9] . In this paper, a 5-DOF redundantly actuated 5-UPS/PRPU parallel machine tool (PMT) is introduced. Redundant actuation is adopted in order to improve the positional accuracy and dynamic performance [10] . A method for measuring the positioning accuracy of parallel machine tools under dynamic conditions is described in detail. It is based on a laser interferometer. The structure of this paper is as follows. Following the introduction, section II describes the structure of the 5-UPS/PRPU PMT with redundant actuation. In section III, the parameters of the positional errors in accordance with ISO 230-2 standard [11] are introduced. In section IV, the measuring system and the working principle of the dual-frequency laser interferometer are described. Then, the positioning accuracy and repeatability of the virtual axes of this redundantly actuated PMT are assessed using Agilent 5529A laser interferometer considering the ISO parameters. The detailed linear error plots and the positional accuracy data of each axis of the machine are given respectively. The paper is concluded in section V, summarizing the present work.
II. STRUCTURE DESCRIPTION
The 5-UPS/PRPU PMT can perform three translational DOFs and two rotational DOFs. The moving platform and the stationary platform are connected by five UPS limbs and the PRPU limb. The PRPU limb is a constraint limb, which restricts the rotation of the moving platform around its-self normal axis.
In order to improve the dynamic performance and the precision, redundant actuation is introduced into this parallel machine tool. Replacing the first prismatic pair of the passive PRPU limb with active one, a novel redundantly actuated PMT is constructed, as shown in Fig. 1 .
The mechanism diagram of the redundantly actuated 5-UPS/PRPU PMT is shown in Fig. 2 
III. PARAMETERS FOR POSITIONING ACCURACY ASSESSMENT
Positioning accuracy is a key index for evaluating the performance of machine tool. It is the comprehensive effect of the mechanical system and the control system. According to the data processing method, there are mainly two kinds of evaluation system for the positioning accuracy of machine tool, including mathematical statistics and algebra range method. In this paper, ISO-2 standard, which follows mathematical statistics, is adopted for evaluating the accuracy performance of the parallel machine tool.
According to the ISO-2 standard, m target positions ( 1 2 , , , , ,
) with uniform spacing are selected on the axis on test. n times (not less than 5) positioning of each target point should be undertaken from the forward direction and the reverse direction respectively. Thus, each target point P j can get several different actual positions P ij , based on which the positional errors are obtained. The main parameters for positioning accuracy assessment used in this paper are introduced as follows. Positional deviation:
Mean positional deviation:
Mean bidirectional positional deviation:
Where n and p represent the forward and reverse direction of the axis. Mean bidirectional positional deviation of an axis:
Reversal value:
Reversal value of an axis:
Mean reversal value of an axis:
Standard deviation:
Unidirectional accuracy of positioning of an axis:
Bidirectional accuracy of positioning of an axis:
Unidirectional repeatability of positioning: 4
Bidirectional repeatability of positioning:
Unidirectional repeatability of positioning of an axis:
Bidirectional repeatability of positioning of an axis:
Unidirectional systematic positional deviation of an axis:
Bidirectional systematic positional deviation of an axis:
IV. DYNAMIC MEASUREMENT OF THE POSITIONING ACCURACY OF PARALLEL MACHINE TOOL
A. Measuring System of the Laser Interferometer
In this paper, Agilent 5529A dual-frequency laser interferometer which is capable of performing dynamic calibration is used to evaluate the positioning accuracy of the parallel machine tool. Fig. 3 presents the working principle of the laser interferometer, taking Y-Axis on test as the case. The linear measuring system for the positioning accuracy consists of the following components: a laser head, a linear interferometer, two linear retroreflectors, a PC calibrator board with software and encoder input cable, a PC material compensation board, an air sensor, a material temperature sensor, a tripod and a microcomputer. The measuring steps using the laser interferometer is introduced below:
Step 1: install the laser interferometer kit, including the laser head, the compensation board , the air sensor and so on.
Step 2: start measuring software and select linear measurement from the main menu.
Step 3: set up the laser. Select the measurement axis and align the optics in accordance with the movement direction of the moving platform.
Step 4: set the environmental compensation parameters.
Step 5: set up the measurement. Enter target list and trigger mode.
Step 6: collect the data.
Step 7: analyze the data. Select ISO 230-2 as the evaluating standard and analyze the data.
It should be noticed that aligning optics of the interferometer to maintain consistency of the optical path and the movement direction of the moving platform is a key step to make the measurement go smoothly.
B. Positioning Accuracy Measurement of the Parallel Machine tool
The positional accuracy of redundantly actuated 5-UPS/PRPU PMT is measured under dynamic condition using Agilent 5529A laser interferometer. According to ISO 230-2: 1997, the measuring scheme of the parallel machine tool on test is as follows. The direction of the virtual axes X, Y and Z is in accordance with the machine coordinate frame {M}. Based on the full travel range of each virtual axis, 11 target points with 10mm interval are selected on X-Axis, while 9 target points with 15mm interval are selected on Y-Axis and Z-Axis respectively. The moving platform of the PMT is set to approach to the target points 5 times from the forward and the reverse direction respectively. The target list is shown in Table I . The linear measurement kit (55280A) of the laser interferometer is used to carry out the test. The interferometer and the retroreflector are placed on the machine worktable, while another retroreflector is attached to the moving platform. It is important to make sure that the laser beam can be well received by the laser head during the whole travel range. The installation of the optical components for the linear error measurement of the PMT is illustrated as Fig. 4 . The positional data can be collected automatically during the movement of the moving platform. The dynamic effects which affect the positional errors during the machine working process also can be taken into account. Therefore, it is a time saving measuring method with more precise result.
In order to investigate the influence of the redundant actuation on the positioning accuracy of the PMT, the linear positional error of X-Axis are both tested under non-redundant and redundant actuation case. Because the slider on the PRPU limb is motionless when the moving platform moves along Y-Axis and Z-Axis, the redundant actuation has little contribution to the positioning accuracy of Y-Axis and Z-Axis. Thus, the comparison of positional errors of Y-Axis and Z-Axis under redundant actuation case and corresponding non-redundant one is not given. Fig. 5 shows the linear positional error plot (forward and reverse) on X-Axis with the case of non-redundant and redundant actuation respectively. Fig. 6 displays the positional error plot on Y-Axis while Fig. 7 presents the one on Z-Axis of the redundantly actuated PMT. Table II gives the numerical results of each axis according with the standard ISO 230-2, including bidirectional repeatability of positioning of an axis (R), bidirectional accuracy of positioning of an axis (A), bidirectional systematic positional deviation of an axis (E), mean reversal value of an axis (B) and the mean bidirectional positional deviation of an axis (M). These ISO parameters provide a basis for qualifying the accuracy performance of the machine tool. From these graphs and data, it can be observed that Z-Axis of the redundantly actuated PMT is with the best positional accuracy, especially for the reverse direction of Z-Axis, while Y-Axis is the second one and X-Axis is the last one. This may be due to the clearance of the middle PRPU limb which has been disassembled several times during the installation and debugging stage of the machine. This has more negative influence on the positional accuracy of X-Axis and Y-Axis than Z-Axis. It also can be seen from the data that unidirectional repeatability of positioning of each axis is relatively high while bidirectional repeatability of positioning of each axis is relatively low. This is because that bidirectional repeatability of positioning of an axis according with ISO 230-2 standard considers the influence of reversal value of an axis (as shown in Eq. (14)).
Furthermore, it is worth mentioning from Fig. 5(a) and Fig.  5 (b) that the X-Axis of the PMT with redundant actuation is with better repeatability and accuracy of positioning than the one with corresponding non-redundant case, which proves that redundant actuation can improve the positioning accuracy of the PMT.
Positional errors of the whole machine is the comprehensive effect of the mechanical transmission system and the control system. Lowering the interpolation allowance in the control system so as to refine the trajectory of the moving platform will help improve the positioning accuracy. In addition, these positional error data can be used as a reference for the subsequent established error compensation mathematical model in the control software (systematic errors can be compensated via software in the parallel machine controller). Nevertheless, it should be noticed that this compensation based upon prediction is only effective if the repeatability of the machine axes is satisfactory. Redundant actuation has been applied to 5-UPS/PRPU parallel machine tool for improving the dynamic performance and the precision. Measurement of positioning accuracy of the PMT using a dual-frequency laser interferometer is introduced in detail. This technique is quick to perform and can get detailed plots of errors which are measured in high resolution and under dynamic condition. On the basis of the positional error data, a compensation software can be implement to the control system so as to refine the trajectory performed by the parallel machine tool.
The testing result of the redundantly actuated PMT showed that Z-Axis is with the best positional accuracy, especially for the reverse direction of Z-Axis, while Y-Axis is the second one and X-Axis is the last one. Compared with the case of corresponding non-redundant actuation counterpart, the redundantly actuated PMT gets better positional accuracy because redundant actuation can make the middle PRPU limb move more smoothly . It proves that redundant actuation is an effective way to improve the positioning accuracy of the parallel machine tool. 
